This paper presents a cascade second-order sliding mode control scheme applied to a permanent magnet synchronous motor for speed tracking applications. The control system is comprised of two control loops for the speed and the armature current control, where the command of the speed controller (outer loop) is the reference of the q-current controller (inner loop) that forms the cascade structure. The sliding mode control algorithm is based on a single input-output state space model and a second order control structure. The proposed cascade second order sliding mode control approach is validated on an experimental permanent magnet synchronous motor drive. Experimental results are provided to validate the effectiveness of the proposed control strategy with respect to speed and current control. Moreover, the robustness of the second-order sliding mode controller is guaranteed in terms of unknown disturbances and parametric and modeling uncertainties.
Introduction
Permanent magnet synchronous motors (PMSM) have been broadly deployed in variable speed drives due to their efficiency, high power density and fast dynamics. However, the control efficiency of PMSM drives is affected by parametric inaccuracies, load disturbances and uncertainties in real applications. Furthermore, they are nonlinear multivariable systems with modeling uncertainties and parameters changing during operation.
High performance control of PMSMs is difficult to attain, using model-based methods, due to the above drawbacks. Therefore, various robust and advanced control methods have been conducted to improve the PMSM efficiency. In [1] , an adaptive speed regulator was designed with no information about the PMSM parameters, the load and the torque values. Another adaptive control method was investigated in [2] through adapting the feedforward compensation gain with respect to the identified inertia and an extended state observer was used to estimate both the states and the disturbances simultaneously. A disturbance torque estimation and nonlinear control was developed in [3] and predictive control strategy in [4] . Similar to other works, tracking performance and robustness were performed through disturbance estimation, which alleviate the computation burden of such controllers [5, 6] .
High order sliding mode control (SMC) has emerged as an efficient control method due to its insensitivity with respect to system inaccuracies and unknown disturbances. Furthermore, it has advantages over the traditional SMC to overcome the chattering problems [7, 8] . Different second-order SMC strategies have been developed for PMSMs. In [9] and [10] , SMC-based disturbance observer, for uncertainties compensation, was proposed to reduce chattering and designed for the speed control loop. In [11] , a second order SMC was presented as a direct torque and flux controller for PMSM without chattering. In [12] , a second order SMC algorithm, using proportional-plus-integral sliding plane, was developed to improve the tracking and robustness performance compared to conventional first order SMC. In [13] , a second order SMC was designed using an integral manifold for the speed control from the mechanical equation of the permanent magnet synchronous generator-based wind energy system. Other strategies, related to SMC applied to deferent drives and systems, are available in the literature [14] [15] [16] [17] [18] . In [19] , a feedback linearization was combined with optimization to deal with parametric changes and applied to a pendulum like a robot. In [20] , a standard SMC scheme was derived from the SISO case and used as a decoupled input-to-flat-output model for a robot manipulator with good performance. Despite the good performance of such control strategies, it is difficult to assess the behavior of SMC strategies when dealing with both mechanical and electrical models of the PMSM system. In general, the SMC method is applied to the speed equation of the machine and the conventional vector control, PI-based method, which is used for the electrical equation for the current control loop due to the computational burden and implementation limitation when applying advanced controllers [13] . This matter will be explored in this work by considering both mechanical and electrical systems to develop a cascade structure of an advanced control strategy and using the powerful Opal-RT real time experimental system for control implementation. Furthermore, this work deals with a cascade structure and interaction between different SMC controllers for multivariable control, which will help in understanding the implementation issues of such controller in the area of multivariable control. The second-order SMC scheme provides higher capabilities for dealing with nonlinearities and uncertainties compared with conventional control methods, such as PI control and linearization control, as changes in the system do not require tuning of its parameters or adding mechanisms to deal with parametric uncertainties.
In this paper, a second-order SMC is designed for multivariable control, in a cascade scheme, of PMSM drive. The output tracking error dynamic, for rotational speed and d-q components of the current, is modelled under a single input-output state space model and decoupled by considering the nonlinear terms in new variable inputs. Furthermore, the unknown load torque effect is rejected by the proposed second-order SMC through integral action in the controller without the need for observing the load torque or identifying the inertia seen by the rotor shaft. In general, any other uncertainties in the mechanical and electrical systems of the PMSM, such as unmodeled quantities, parameters' variations and external disturbance, will be compensated by the proposed control scheme, which constitutes the contribution of this work compared to [9] [10] [11] [12] [13] . The proposed controller for speed and current tracking is robust against parametric variations and uncertainties in the system.
PMSM Model
The PMSM model, in the d-q rotating reference frame, is described by
where, i sd is the d-axis of the stator current; i sq is the q-axis of the stator current; v sd is the d-axis control voltage; v sq is the q-axis control voltage; ϕ v is the permanent magnet magnetic flux linkage; p is the poles pairs number; R is the stator resistance; L d is the d-axis of the inductance of the stator winding; L q is the q-axis of the inductance of the stator winding; ω r is the rotational speed; J is the moment of inertia; f is the viscous friction coefficient; and T L is the load torque. The variables to be controlled are the rotor speed ω r and the d-axis of the stator current i sd to track external references and the q-axis of the stator current i sq to track a reference produced by the outer loop of speed control. Furthermore, the load torque is an unknown disturbance and will be compensated by the proposed controller.
Cascade Second-Order SMC

Control Developement
The state space model, based on single input single output (SISO), has the following expression .
where, x is the state variable, v is the input variable and d is an unknown bounded disturbance. The control objective is to ensure a zero steady state error such as
where, x ref is the reference, and e is the tracking error. The tracking error dynamic is carried out using (2) x ref −
where, u is the new control input.
The new control input is expressed by
Then, let us consider the second-order SMC for perturbation elimination [8, 18] 
where, k 1 and k 2 are positive constants, and sgn is the switching function
Finally, from (5) and (6), the command v in (2) for regulating x to track the reference x ref is provided by
The stability of the second order SMC (8) applied to (4) to ensure e(t)→0 can be demonstrated in a similar manner as in [8] .
The advantage of the second-order SMC compared to the traditional SMC is that it takes into consideration the nonlinearities and uncertainties with better performance as it includes an integral action. It is well known that an integral action enhances the control efficiency in dealing with uncertainties.
Cascade Second Order SMC Structure
The cascade control scheme, depicted in Figure 1 , includes two loops for the control systems such as: (1) the outer loop control for speed regulation provides the q-axis of the current reference applied to the inner control loop. (2) The inner loop control for current regulation that provides the voltage commands to generate the six pulses to control the DC-AC converter. 
Outer Loop Control
The second-order SMC is developed using the motion equation. The control system provides the q-axis current as a reference for the inner loop in order to track the desired speed reference.
The motion equation (1b) is expressed under the form (2) as
where,
The speed tracking error dynamic is expressed by
where, = − is the speed tracking error, and the new control input is provided by
Therefore, the q-axis current reference based on the 2-SMC law (8) is expressed as
Inner Loop Control
The sliding mode control is applied to the electrical model in order to provide the components of the stator voltage which minimizes the difference between the stator current components (isd, isq) and the current references (isdref, isqref), respectively.
The electrical equation (1.a) is expressed, under the form (2), as
where, = , = , = , =
The input variables (vd, vq) represent the decoupling components to linearize the system (1a) and are expressed as 
Outer Loop Control
The motion Equation (1b) is expressed under the form (2) as
where, e ω = ω ref − ω r is the speed tracking error, and the new control input u ω is provided by
Inner Loop Control
The sliding mode control is applied to the electrical model in order to provide the components of the stator voltage which minimizes the difference between the stator current components (i sd , i sq ) and the current references (i sdref , i sqref ), respectively.
The input variables (v d , v q ) represent the decoupling components to linearize the system (1a) and are expressed as
The current tracking error dynamics are expressed by
where, e d =i sdref − i sd and e q =i sqref − i sq are the (d, q) current tracking errors.
The new control inputs are given by
The second-order SMC for d-q current control is carried out from (14)- (16), using the control design (5)- (8) , and the voltage command components are given by
Chattering Reduction
The reduction of the chattering phenomenon in the control laws (12) and (17), the sgn function is modified such as
where, α > 0 represents the boundary layer thickness.
Robustness to Uncertainties
The PMSM dynamics are uncertain and include uncertainties such as unmodeled quantities, parametric variations, and unknown and external disturbances. Therefore, the control design must be robust to compensate all these uncertainties and enhance the tracking performance.
The PMSM limitations, related to the boundedness of the rotor acceleration and speed, the electrical-mechanical parameters in (1), and the load torque, during its operation are described by [13] .
where, ω M r is the upper value of the rotor speed, and
. ω M r is the upper value for the rotor acceleration. Note: the symbol "−" is used for the nominal value, ∆ represents the uncertainty, and δ (·) are bounded positive constants.
Stability analysis for perturbed systems, controlled by a second-order SMC, has been detailed in [8] . The asymptotic stability of the closed-loop system is guaranteed by selecting control gains that satisfy the following conditions
Let us define the system (1) with uncertainties
∆(·) are parametric uncertainties. The equations in (23) are rearranged with all uncertainties included in single terms such as
The new perturbation terms, in (24), include parametric uncertainties, unmodeled quantities and unknown disturbances. The SMC laws (12) and (17) will reject the bounded perturbations, which is one of the major characteristics of the SMC [7] . The advantage of the proposed cascade second-order SMC, compared to model based methods, such as optimal, feedback and predictive control, is that the knowledge about the load torque is not required, by measurement or estimation, and will be rejected to achieve zero steady-state tracking error.
Opal-RT HIL and Experimental System
The experimental system is shown in Figure 2 , and the hardware connection is depicted in Figure 3 . It includes a PMSM drive; speed encoder; power supply; insulated-gate bipolar transistor (IGBT) inverter; inductor line; dynamometer connected to the rotor shaft acting as a load; and data acquisition board (OP8660) with inputs for current, voltage and speed measurements and outputs for inverter pulses. The system is driven by the Opal-RT real-time simulator (OP5600). The schematic of the hardware connections between all modules is shown in Figure 4 . The proposed cascade second-order SMC scheme is implemented in the Simulink/MATLAB and RT-LAB real-time simulation software environment, executed in the OP5600 and deployed to the system drive through the OP5600. The hardware in the loop (HIL) system, that includes the PMSM drive, the OP8660 and the OP5600, is illustrated in Figure 4 . Details about the communication and deployment are available in [21] . 
Experimental Results and Discussions
Experiments were conducted to validate the proposed cascade second-order SMC scheme under multiple operating conditions that include tracking performance under variable speed, robustness to parametric uncertainties (electrical and mechanical), rejection of external disturbance (sudden change in the power supply voltage), and unknown load torque. The PMSM parameters are provided in Table 1 . In all scenarios, the control gains, provided in Table 2 , were selected by trial and error method and remain constant for all experiments. The experimental results are illustrated in Figures 5-10 . 
Gain Value
Speed control (outer loop)
Current controller (inner loop) k 1 , k 2 (d-axis) 10 2 , 10 3 k 1 , k 2 (q-axis) 10 2 , 10 3
Speed Tracking Performance for Variable Reference
A variable step reference was generated to check the speed tracking performance at sudden changes for the motor operating at no load. First, the second order-SMC control law was tested using the sgn function. It can be observed from the results of the speed tracking and d-q axes currents control, shown in Figure 5a ,b, respectively, that the steady state error was eliminated by the controller without any overshoot and a fast response time at the reference signal transitions. However, the chattering occurs in the speed tracking error, Figure 5a , the speed control law (i q command), and d-q currents, Figure 5b . k1, k2 (d-axis) 10 2 , 10 3 k1, k2 (q-axis) 10 2 , 10 3
A variable step reference was generated to check the speed tracking performance at sudden changes for the motor operating at no load. First, the second order-SMC control law was tested using the sgn function. It can be observed from the results of the speed tracking and d-q axes currents control, shown in Figure 5a ,b, respectively, that the steady state error was eliminated by the controller without any overshoot and a fast response time at the reference signal transitions. However, the chattering occurs in the speed tracking error, Figure 5a , the speed control law (iq command), and d-q currents, Figure 5b . Then, the second-order SMC law was tested using the modified sgn function (18) . It can be observed from the results of the speed tracking, Figure 6a , and the speed control law (iq command), Figure 6b , that the chattering has been significantly reduced; however, the speed error at the transitions has slightly increased but without diminishing the overall performance of the control law. Then, the second-order SMC law was tested using the modified sgn function (18) . It can be observed from the results of the speed tracking, Figure 6a , and the speed control law (i q command), Figure 6b , that the chattering has been significantly reduced; however, the speed error at the transitions has slightly increased but without diminishing the overall performance of the control law. k1, k2 (d-axis) 10 2 , 10 3 k1, k2 (q-axis) 10 2 , 10 3
A variable step reference was generated to check the speed tracking performance at sudden changes for the motor operating at no load. First, the second order-SMC control law was tested using the sgn function. It can be observed from the results of the speed tracking and d-q axes currents control, shown in Figure 5a ,b, respectively, that the steady state error was eliminated by the controller without any overshoot and a fast response time at the reference signal transitions. However, the chattering occurs in the speed tracking error, Figure 5a , the speed control law (iq command), and d-q currents, Figure 5b . Then, the second-order SMC law was tested using the modified sgn function (18) . It can be observed from the results of the speed tracking, Figure 6a , and the speed control law (iq command), Figure 6b , that the chattering has been significantly reduced; however, the speed error at the transitions has slightly increased but without diminishing the overall performance of the control law. The only exception, in both cases, is the chattering in the d-q currents response, which was not eliminated by the second version of the control law even with control gains' change in multiple trials. The reason that the phenomenon is not only software from the control law, but hardware as the power supply, in the experimental set-up, includes fluctuations in its voltage signal as shown in Figure 8 . Also, noises in data acquisition and IGBT pulses contribute to the chattering. Compared to similar works in this field on PMSM, as in [4] and [21] , the current response is acceptable.
Overall performance of the cascade control strategy is satisfactory as the main objective is to track a speed reference while maintaining the current within its limit.
Parameter Uncertainties
The robustness of the proposed control scheme against parametric uncertainties was verified in this experiment. The uncertainties include the mechanical parameters (moment of inertia and viscous coefficient) and the electrical parameters (magnetic-flux, resistance and inductance). The parameters were set in the control laws with different values than the real ones of the machine. Random and extreme variation were chosen, where the values of the mechanical parameters were increased by 50% in the controller and the values of the electrical parameters' variations were changed separately (ϕ v increased by 20%, R decreased by 20% and L d,q increased by 40%). Practically, the two important parameters to be tested are the resistance, which changes during the motor's operation due to the heat, and the rotor inertia, which varies when coupled with an unknown load. In this work, variations of different parameters were tested in order to prove the control strategy effectiveness. Figure 7a shows the speed response under parametric variations, where a good speed tracking performance is reached with a zero steady-state error. Figure 7b represents the q-current command to ensure robustness against parametric variations. The only exception, in both cases, is the chattering in the d-q currents response, which was not eliminated by the second version of the control law even with control gains' change in multiple trials. The reason that the phenomenon is not only software from the control law, but hardware as the power supply, in the experimental set-up, includes fluctuations in its voltage signal as shown in Figure 8 . Also, noises in data acquisition and IGBT pulses contribute to the chattering. Compared to similar works in this field on PMSM, as in [4] and [21] , the current response is acceptable.
The robustness of the proposed control scheme against parametric uncertainties was verified in this experiment. The uncertainties include the mechanical parameters (moment of inertia and viscous coefficient) and the electrical parameters (magnetic-flux, resistance and inductance). The parameters were set in the control laws with different values than the real ones of the machine. Random and extreme variation were chosen, where the values of the mechanical parameters were increased by 50% in the controller and the values of the electrical parameters' variations were changed separately ( increased by 20%, R decreased by 20% and Ld,q increased by 40%). Practically, the two important parameters to be tested are the resistance, which changes during the motor's operation due to the heat, and the rotor inertia, which varies when coupled with an unknown load. In this work, variations of different parameters were tested in order to prove the control strategy effectiveness. Figure 7a shows the speed response under parametric variations, where a good speed tracking performance is reached with a zero steady-state error. Figure 7b represents the q-current command to ensure robustness against parametric variations. 
External Disturbance
In order to check the disturbance rejection of the proposed second-order SMC, the voltage VDC of the power supply, considered constant, is varied along its nominal value with ± 10% change as shown in Figure 8 . This change is considered extreme as in general the power supply is well stabilised. The DC voltage variation can be presented as an external disturbance because the controller has no information about this change. The system is controlled to track a constant reference and it can be observed from the result, shown in Figure 9a , that the speed response was affected by the variation of the power supply, however, the zero steady-state error was established after each variation due to the 2-SMC speed controller output, shown in Figure 9b , which proves the capability of the proposed controller to reject external disturbance with a good performance. 
In order to check the disturbance rejection of the proposed second-order SMC, the voltage V DC of the power supply, considered constant, is varied along its nominal value with ± 10% change as shown in Figure 8 . This change is considered extreme as in general the power supply is well stabilised. The DC voltage variation can be presented as an external disturbance because the controller has no information about this change. The system is controlled to track a constant reference and it can be observed from the result, shown in Figure 9a , that the speed response was affected by the variation of the power supply, however, the zero steady-state error was established after each variation due to the 2-SMC speed controller output, shown in Figure 9b , which proves the capability of the proposed controller to reject external disturbance with a good performance. 
Unknown Load
Finally, to verify the effects of an unknown load, the parameters of a dynamometer, coupled with the motor through a belt with a gear ratio 1:2, were not included in the controller design. Figure  10 a,b represent the speed tracking response and speed controller output, where it can be observed that the speed tracking performance is successfully achieved even with the unknown perturbation. 
Finally, to verify the effects of an unknown load, the parameters of a dynamometer, coupled with the motor through a belt with a gear ratio 1:2, were not included in the controller design. Figure 10a ,b represent the speed tracking response and speed controller output, where it can be observed that the speed tracking performance is successfully achieved even with the unknown perturbation. 
Conclusions
A cascade second-order sliding mode control scheme for a permanent magnet synchronous motor drive has been presented. The outer loop control is a speed controller to track the rotor speed trajectory, while the inner loop control, a current control, regulates the d-axis current. The aim of the proposed second-order SMC is to achieve accurate speed tracking despite the system inaccuracies such as parametric uncertainties and unknown perturbations. The second-order SMC law is developed for a state space model and applied to the PMSM drive by decoupling and linearizing its model. Opal-RT real time technology-based HIL is used to implement the control strategy. An experimental setup was used to experimentally validate of the proposed second-order SMC under different conditions. Experimental results have proved the effectiveness and the robustness of the proposed control scheme with respect to reference variations and system inaccuracies. The secondorder SMC provides more features concerning system uncertainties compensation as it includes an integral action. 
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